Neural stem cells (NSCs) have the potential for self-renewal and differentiation toward neurons and glia, and are important in the development of the brain.^[@bib1],\ [@bib2]^ Small populations of NSCs remain in the adult mammalian brain even after development is complete;^[@bib3],\ [@bib4]^ these cells contribute to regenerative processes in response to brain damage.^[@bib5],\ [@bib6]^ NSCs can be isolated and cultured from developing and adult brains; these cultured NSCs retain the cardinal properties of NSCs in the brain, such as region-specific gene expression and neuronal subtype differentiation patterns.^[@bib7]^ In addition, differentiation of cultured NSCs can be guided *in vitro* to yield specific neuronal subtypes for cell-based therapeutic approaches to neurodegenerative disorders.^[@bib8],\ [@bib9]^ Thus, NSC cultures are an invaluable experimental tool in the study of brain development and regeneration.

The culture technique for NSCs, like many other experimental systems, was initially developed using rodent cells.^[@bib10]^ Although rodent-derived cultures remain informative and are still widely used, studies that use human cells are inherently more applicable in understanding human physiology and disease. In this regard, culturing human NSCs (hNSCs) has been attempted by direct isolation from human brain tissues.^[@bib11],\ [@bib12]^ In addition, hNSC cultures have been generated through *in vitro* differentiation of human pluripotent stem cells (hPSCs), which include human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs).^[@bib13],\ [@bib14],\ [@bib15]^ In contrast to the limited proliferative and storage capacities displayed by rodent NSCs (roNSCs), hNSCs are extensively expandable, and can be frozen and re-cultured without altering their cardinal features.^[@bib16],\ [@bib17]^ Despite these benefits, hNSC cultures are less commonly used, mainly because of the difficulties involved in consistently maintaining healthy cell cultures. Often, culture conditions optimized for roNSCs are adopted for use in hNSC culturing. In this study, we show a clear distinction in rodent and human cells\' responses to the same culture conditions. Human NSC cultures, unlike those of rodents, are extremely sensitive to insulin concentration, a necessary supplement in the culturing of neural cell lineages.^[@bib18],\ [@bib19]^ Prolonged exposure at the concentrations optimized for roNSCs is toxic to hNSCs, which can be explained by decreased Akt intracellular signaling secondary to insulin resistance. Complete withdrawal of insulin from culture conditions was also detrimental to hNSCs, resulting in reduced cell survival and/or proliferation. As a result, healthy hNSC cultures were achievable only within a narrow range of relatively low insulin concentrations. Insulin-mediated cell death also manifested itself in human-specific neuronal cells, providing the first *in vitro* evidence of human neuronal cell death via insulin resistance, which provides some explanation for the high prevalence of neurodegenerative disorders among hyperinsulinemic diabetic patients.^[@bib20],\ [@bib21]^

Results
=======

Insulin can act as an apoptotic factor for hNSCs derived from hESCs
-------------------------------------------------------------------

Human pluripotent stem cells such as hESCs and hiPSCs are reliable sources for hNSCs.^[@bib22]^ A uniform population (\>90%) of hNSCs expressing the NSC-specific marker Nestin and the proliferating cell marker Ki67 was isolated by *in vitro* differentiation of hESCs^[@bib14]^ ([Figure 1a](#fig1){ref-type="fig"}). hNSCs derived from hESCs (H9) were grown in the presence of basic fibroblast growth factor (bFGF), and then differentiated toward predominantly neuronal populations of central nervous system (CNS) by the withdrawal of mitogen^[@bib14],\ [@bib16]^ ([Figures 1b--d](#fig1){ref-type="fig"}). N2 is a serum-free medium optimized for roNSC cultures,^[@bib23]^ thus our initial hNSC culture setup utilized N2.^[@bib14]^ Surprisingly, however, hNSCs underwent massive cell death in N2, especially during the differentiation period ([Figure 1e](#fig1){ref-type="fig"}), with evidence of extensive apoptosis as indicated by cells positive for cleaved caspase-3 ([Figure 1h](#fig1){ref-type="fig"}), Annexin V, and propidium iodide (PI) ([Figure 1j](#fig1){ref-type="fig"}). Differentiation of hNSCs could not be maintained for longer than 5--7 days in N2 medium ([Figure 1g](#fig1){ref-type="fig"}). In trials testing other media, ITS, another commonly used serum-free medium,^[@bib24]^ significantly improved cell viability of hNSCs, and showed decreased apoptosis ([Figures 1f, i, and k](#fig1){ref-type="fig"}) and prolonged viability for more than 15 days following differentiation ([Figure 1g](#fig1){ref-type="fig"}).

When the components of N2 and ITS were compared ([Figure 1l](#fig1){ref-type="fig"}), the N2 constituents putrescine and progesterone were found to be absent in ITS. Insulin and transferrin, known to be necessary supplements for the survival of cultured neural cells,^[@bib18],\ [@bib19]^ were contained in both media, but in higher concentrations in N2 than ITS. The addition of putrescine and progesterone to ITS or their removal from N2 did not alter cell viability and cytotoxicity, as evidenced by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) ([Figures 1m and n](#fig1){ref-type="fig"}) and lactate dehydrogenase (LDH) assays ([Figures 1o and p](#fig1){ref-type="fig"}). In contrast, differentiation of hNSCs in N2 medium with the insulin concentration reduced to that of ITS greatly improved cell viability ([Figures 1n and p](#fig1){ref-type="fig"}). Accordingly, severe cell death was observed in hNSCs cultured in ITS with insulin concentrations increased to that of N2 ([Figures 1m and o](#fig1){ref-type="fig"}). These findings indicate that the higher insulin concentration in N2 is responsible for the observed hNSC cell death, and that insulin in high enough concentrations can actually be detrimental to differentiating hNSCs survival. Varying the transferrin concentration between the levels present in ITS and N2 media also affected differentiating hNSC survival ([Figures 1m--p](#fig1){ref-type="fig"}), but the effects were less substantial than those of insulin. In addition, because transferrin\'s effect on cell survival may be driven indirectly by insulin-mediated signaling,^[@bib25],\ [@bib26]^ we focused on insulin-mediated hNSC cell death in this study.

Insulin concentration-dependent cell death specific to NSCs of human origin
---------------------------------------------------------------------------

We further examined cell viability and death of differentiating hNSCs over a range of insulin concentrations (0--4.3 *μ*M). To minimize the effects on cell proliferation,^[@bib18]^ cells were exposed to varying insulin concentrations 3 days after differentiation, when the majority of NSCs stop proliferating.^[@bib27]^ Consistent with the observed differences between N2 and ITS ([Figures 1e--k](#fig1){ref-type="fig"}), severe cell death was evident at higher insulin concentrations in hNSC cultures ([Figure 2a](#fig2){ref-type="fig"}). Zero insulin supplementation or concentrations \<0.09 *μ*M also reduced cell viability ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"} and data not shown). A greater number of cells were positive for the apoptotic cell markers cleaved caspase-3 and Annexin V at the higher concentration of insulin (4.3 *μ*M) than at the lower concentration (0.22 *μ*M) ([Figures 2d and g](#fig2){ref-type="fig"}), indicating that apoptosis underlies the cell death induced by high concentrations of insulin. Similar patterns of insulin concentration-dependent effects were evident in all hNSCs tested, independent of their origins, which included hNSCs derived from another hESC line (HSF6), hiPSCs (IMR90-4), and human fetal ventral midbrain (VM) and cortical (Ctx) tissues ([Supplementary Figures S1A--D](#sup1){ref-type="supplementary-material"}). The optimal insulin concentrations for cell viability were lower than expected, and found to be below that of ITS (0.86 *μ*M) in all hNSCs tested. The viability of roNSCs, on the other hand, showed very different patterns of insulin concentration dependence. Cell viability of roNSCs tended to be increased at higher insulin concentrations ([Figures 2b and c](#fig2){ref-type="fig"}), and fewer cells were positive for apoptotic cell markers ([Figures 2e, f and h--i](#fig2){ref-type="fig"}). The insulin-mediated cell survival effect was observed in all NSCs of rodent origin regardless of brain region (Ctx, VM, and ganglionic eminence (GE)) or rodent species (mouse, rat) ([Supplementary Figures S1E--H](#sup1){ref-type="supplementary-material"}). These findings collectively suggest that NSCs of human origin, unlike those of rodents, are exquisitely sensitive to insulin concentration. These cells are especially vulnerable at high insulin levels, and their survival during differentiation is ensured only within a narrow range of low insulin concentrations. Interestingly, levels of hNSC death induced by high insulin concentrations varied among the different insulin products tested, although the patterns of insulin dependency were similar ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Concentration-dependent effects of insulin on hNSCs at different developmental stages
-------------------------------------------------------------------------------------

We further examined the dose-dependent effects of insulin on other developmental stages such as proliferating NSCs and terminally differentiated neurons. As described in [Figure 1a](#fig1){ref-type="fig"}, in the presence of the mitogen bFGF, hESC-derived hNSC cultures comprise uniform populations of proliferating NSCs during the proliferation period. Insulin supplementation was proven to be important for the proliferation and survival of proliferating hNSCs, as indicated by delayed cell growth and a decreased percentage of cells positive for the proliferating cell markers Ki67 and phospho-histone H3 (pHH3) observed in cultures without insulin compared with those with insulin supplementation ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Similar to the insulin concentration-dependent effects observed in differentiating hNSCs ([Figures 2a, d, and g](#fig2){ref-type="fig"}), cell growth and cell proliferation indices were greater in the proliferating cell cultures treated with a low concentration of insulin (0.22 *μ*M) than in those treated with a high dose (4.3 *μ*M) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

Differentiation of hNSCs is mostly complete 5--7 days following induction by withdrawal of mitogen bFGF and addition of several neurotrophic factors (see Materials and Methods). Postmitotic TuJ1+ neurons represent a major population of the cells in the differentiated cultures ([Figures 1b--d](#fig1){ref-type="fig"}, 65.47±1.27% of total cells at day 10 of differentiation). hNSCs were induced to differentiate in this condition for 10 days, after which the terminally differentiated neurons were exposed to different insulin concentrations. Similar to differentiating hNSCs, the human neuronal cells exposed to a high dose (4.3 *μ*M) of insulin underwent apoptotic cell death, whereas cells exposed to low (0.22 *μ*M) insulin did not ([Figures 3a](#fig3){ref-type="fig"}). In contrast, cell viability was not significantly altered by insulin concentration in primary neuron cultures derived from the mouse VM ([Figures 3e](#fig3){ref-type="fig"}) and cortex ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). As described in [Figures 1c and d](#fig1){ref-type="fig"}, TH+ dopaminergic (DA) neurons, associated with Parkinson\'s disease, are a major subtype of neurons in the hESC-derived hNSC cultures. The DA neuronal populations along with general neuronal populations in the human neuron cultures were also greatly reduced by the increased insulin concentration ([Figures 3c and d](#fig3){ref-type="fig"}), whereas cell viability of mouse DA neurons (from VM) was unaffected by the higher insulin concentration ([Figures 3g and h](#fig3){ref-type="fig"}). These findings, taken together, strongly suggest that insulin concentration is extremely important for the successful culturing of hNSCs and human neurons, regardless of their developmental stages, and that insulin concentration dependency is specific to cells of human origins.

Intracellular signaling in insulin-mediated cell death
------------------------------------------------------

Insulin-mediated cell death was unexpected because insulin is regarded as an indispensable component of various culture media based on its role as a promoter of cell survival.^[@bib19]^ To understand the mechanism underlying the observed insulin toxicity, we examined its intracellular signaling. The PI3K/Akt pathway is the major signaling pathway activated by the binding of insulin to cell surface insulin receptor (IR), and plays a key role in insulin-mediated cell survival.^[@bib28]^ The hNSCs were starved of insulin overnight, and then supplemented with insulin at 0.22 or 4.3 *μ*M. The cultures were maintained at their respective insulin concentrations for 4 days. During the culture period, fresh insulin was added to the culture at days 0, 2, and 4 along with new base media. Phosphorylated/activated Akt (pAkt) levels increased in response to the initial insulin exposure (day 0), and were greater in the hNSC cultures treated with 4.3 *μ*M of insulin than in the cultures treated with 0.22 *μ*M ([Figure 4a](#fig4){ref-type="fig"}). Interestingly, pAkt levels reversed after prolonged exposure at the different insulin concentrations: pAkt levels were greater in the cultures at 0.22 *μ*M than those at 4.3 *μ*M at 2 and 4 days after insulin exposure. This response is representative of insulin resistance, a process in which cell responsiveness to insulin becomes less effective following prolonged exposure to high levels of the molecule. Indeed, the elevated pAkt levels at 10, 30, 120 min after addition of insulin gradually decreased in cultures exposed to insulin for 0, 2, and 4 days, and the reduction in the responsiveness to insulin was more dramatic in cultures exposed to a high insulin concentration ([Figures 4b and c](#fig4){ref-type="fig"}). In contrast, a reduction in pAkt levels during culture with insulin was not observed in rat cortical NSC cultures, and pAkt protein levels were actually shown to increase following prolonged insulin exposure ([Figure 4a](#fig4){ref-type="fig"}).

The timing of the decrease in pAkt levels (2 days after culturing at high insulin concentrations), which occurred 1 to 2 days before evident cell death of hNSC (3--5 days after culturing with high insulin concentrations, [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}), suggests that decreased Akt activation may mediate the observed cell death of hNSCs cultured at high insulin concentrations. Inhibition of PI3K/Akt signaling by the specific inhibitors LY294002 and Wortmannin and by overexpression of dominant-negative Akt (dn-Akt) resulted in severe cell death of differentiating hNSCs ([Figures 4d--g](#fig4){ref-type="fig"}). Furthermore, transduction with the constitutively active form of Akt (ca-Akt) mitigated the rates of cell death in cultures exposed to 4.3 *μ*M insulin ([Figures 4h and i](#fig4){ref-type="fig"}), confirming that decreased activation of Akt signal underlies cell death induced by prolonged exposure to high levels of insulin.

An important mechanism of insulin resistance is the degradation of insulin receptor substrate 1 and 2 (IRS-1/2), a molecule that transduces insulin--IR binding to the intracellular PI3K/Akt pathway.^[@bib29],\ [@bib30]^ IRS-1 protein levels on the day of insulin exposure were indistinguishable between cultures treated with 0.22 and 4.3 *μ*M of insulin ([Figure 5a](#fig5){ref-type="fig"}). However, similar to the change in pAkt levels ([Figure 4a](#fig4){ref-type="fig"}), IRS-1 protein levels in hNSC cultures decreased in cultures at days 2 and 4 of insulin exposure, and this reduction was more pronounced in the cultures treated with 4.3 *μ*M of insulin than in those treated with 0.22 *μ*M insulin ([Figure 5a](#fig5){ref-type="fig"}). It has been shown that IRS protein degradation in insulin resistance is mediated via mTOR activation.^[@bib31],\ [@bib32]^ Treatment with rapamycin, an mTOR signaling inhibitor, successfully blocked the apoptotic cell death of hNPCs cultured with a higher concentration (4.3 *μ*M) of insulin ([Figure 5b](#fig5){ref-type="fig"}). Furthermore, the decrease in IRS-1 level following culture with 4.3 *μ*M insulin at days 2 and 4 was partially rescued by the rapamycin treatment ([Figure 5c](#fig5){ref-type="fig"}). Taken together, these findings suggest that decreased PI3K/Akt signaling is mediated by the reduction of IRS-1 following prolonged exposure to high levels of insulin, and this mechanism for insulin toxicity is specific to differentiating hNSCs.

Gene expressions altered in high insulin concentration
------------------------------------------------------

In addition to IRS degradation, insulin resistance could be caused by a decrease in IR and IRS activation by insulin stimulation through various/extracellular routes.^[@bib33],\ [@bib34]^ In order to observe the dynamics of gene expression changes in insulin-resistant hNSC cultures, we conducted microarray analyses to compare gene expression profiles between hNSCs cultured with optimal (0.22 *μ*M) and high (4.3 *μ*M) doses of insulin. The microarray data are summarized in [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}. Expression of genes associated with negative regulation of IR was increased in hNSCs cultured with insulin resistance-inducing concentrations (4.3 *μ*M) of insulin, compared with those with the optimal insulin concentration (0.22 *μ*M). Oxidative stress and inflammation are suggested to induce insulin resistance through decreased sensitivity as well as degradation of IR/IRS.^[@bib35],\ [@bib36],\ [@bib37]^ Consistently, expressions of genes related to these events were also upregulated with high insulin dosage. In addition, genes related to cell apoptosis/programmed cell death, those associated with Wnt signaling pathway, cell--cell signaling, negative regulation of phosphorylation, and ascorbic acid binding were also upregulated with high insulin dosage. In contrast, genes related to protein--DNA complex assembly and positive regulation of cell cycles were significantly downregulated in hNSCs cultured with high insulin dosage.

Discussion
==========

It is widely accepted that human cell culture systems are more relevant than non-human systems in obtaining information directly applicable to human physiology and pathology. However, cultures derived from human solid tissues are limited. Recent progress in stem cell biology has allowed for the establishment of human ESC/iPSCs and derivation of NSCs from these pluripotent stem cells. Disease-specific NSCs and neurons can also be cultured from hiPSCs derived from patients with neurologic diseases, and these disease-specific tissue cell cultures now offer novel *in vitro* models of human disease. Despite the importance of hNSC cultures, technical problems in maintaining healthy cell populations limit their widespread use. Without systematic assays for optimizing hNSC culture conditions, conditions optimized for rodent cultures have been applied in culturing hNSCs, with disappointing and inconsistent results. This study demonstrates a clear difference in optimal culture conditions between hNSCs and roNSCs. In contrast to roNSCs, hNSCs in culture were extremely sensitive to the concentration of insulin, a supplement known to be necessary in neural cell cultures, and healthy hNSC cultures were achievable only within a narrow range of relatively low insulin concentrations. Furthermore, the rate of cell death induced by insulin varied among different insulin products. It is clear that many of the past experimental failures and inconsistencies in culturing hNSCs were likely because of insufficient understanding of the insulin sensitivity specific to human neuronal cells.

In addition to the practical aspects, the findings in this study provide physiologic implications as well. The brain has long been regarded as an insulin-insensitive organ,^[@bib38]^ but this concept has been abandoned. Insulin and its receptor are in fact highly expressed in the developing and adult brains.^[@bib39]^ Progression of neural development through proliferation, differentiation, maturation, and survival is stimulated, at least in culture, by insulin and the insulin precursor proinsulin.^[@bib19]^ As a result, these cytokines can now be regarded as important autocrine/paracrine signaling molecules involved in multiple steps of CNS development. In the adult brain, the elevation of circulating insulin alters brain functions such as memory,^[@bib40],\ [@bib41]^ cognition,^[@bib42],\ [@bib43],\ [@bib44]^ feeding behavior,^[@bib45],\ [@bib46]^ and modulation of auditory evoked potentials.^[@bib47]^ Furthermore, epidemiologic studies have established clinical association between hyperinsulinemia (type II diabetes) and neurodegenerative diseases such as Alzheimer\'s disease and Parkinson\'s disease^[@bib20],\ [@bib21]^ that share a common underlying pathology of neuronal cell death. However, no studies published to date have demonstrated direct experimental data supporting a mechanistic association between hyperinsulinemia and neurodegenerative disorders. The findings reported in this study are the first evidence demonstrating that prolonged exposure of human neurons to high doses of insulin can cause apoptotic cell death in the human brain. The mechanism underlying insulin-induced cell death is insulin resistance, which has been demonstrated in extra-CNS tissues, but has not previously been reported in the neural cells of the brain. Activation of intracellular Akt in human neural cells was reduced in response to prolonged exposure of high insulin concentrations via decreased IRS-1 activation. These findings indicate that Akt activation is a crucial step in the intracellular signaling pathway regulating survival of NSCs and neuronal cells.^[@bib48],\ [@bib49]^ Accordingly, recent studies using patient brain samples have reported decreased pAkt levels in Parkinson\'s disease^[@bib50]^ and reduced insulin-mediated signaling molecules, including IRS-1/2, in brains affected by Alzheimer\'s disease.^[@bib51]^

Like NSCs, cell death manifested in human neurons by high levels of insulin was not the case in the neuronal cells primarily cultured from rodent brain tissues, indicating rodent CNS neurons physiologically require higher levels of insulin-mediated trophic supports without developing insulin resistance. Supportably, normal physiologic levels of insulin in circulating blood are greater in adult rats than those of human species (180--240 pM in rats *versus* 57--79 pM in humans).^[@bib52],\ [@bib53],\ [@bib54]^ In contrast to rat CNS neurons requiring high levels of insulin, a recent study has demonstrated that insulin resistance was easily developed in sensory neurons derived from rat dorsal root ganglion by exposing to *μ*M range of insulin.^[@bib55]^ These may represent an innate difference of susceptibility to insulin resistance between central and peripheral neurons, considering that *in vivo* insulin levels in brain tissues are 10--100 times higher than peripheral blood.^[@bib56],\ [@bib57]^

In order to culture neural cells outside of brain, supraphysiologic levels of trophic factors should be inevitably supplemented to the cultures. Thus, findings in our study were attained at insulin concentrations far higher than those of circulating blood. Further studies must be conducted to confirm the effects of insulin dose and duration on human neural cells observed in this study in experimental systems more relevant to physiology. Considering the observed species-dependent difference in the response to insulin, it will be important that any follow-up studies use human-derived experimental systems.

Materials and Methods
=====================

NSC cultures
------------

hNSCs were derived from hESCs (H9, University of Wisconsin, Madison, WI, USA; and HSF-6, University of California San Francisco, San Francisco, CA, USA) and hiPSCs (IMR 90-4, University of Wisconsin) using an *in vitro* differentiation protocol that includes neural induction on the feeder layers of MS5 stromal cells, followed by consecutive cell passages to select NSCs, as previously described.^[@bib14],\ [@bib15]^ The hNSCs underwent 2--6 NSC passages before being used in this study. NSCs derived from human embryonic cortical and VM tissues (ReN cell VM and Ctx, Millipore, Billerica, MA, USA) were also cultured and tested in this study. NSCs of rat and mouse origin were directly isolated and cultured from the embryonic Ctx, VM, and GE of embryonic day 13 (E13) rats (Sprague Dawley (SD)) and E12 mice (Imprinting Control Region (ICR)) as previously described.^[@bib58]^ The NSCs of the different species were proliferated in the presence of bFGF (20 ng/ml; R&D Systems, Minneapolis, MN, USA) or bFGF and epidermal growth factor (EGF; 20 ng/ml; R&D Systems, for mouse culture) on poly-[L]{.smallcaps}-ornithine (PLO)/fibronectin (FN)-coated culture dishes. When cultures reached 80--90% cell confluency, differentiation of NSCs was induced by withdrawal of the mitogens. The cells were cultured in serum-free ITS (for hNSC culture)^[@bib24]^ or N2 (for rat and mouse NSC culture)^[@bib23]^ media. The components and their concentrations of N2 and ITS are summarized in [Figure 1l](#fig1){ref-type="fig"}. In order to test insulin concentration effects, the media were prepared by mixing each culture constituent without insulin, and then supplementing them with various concentrations of insulin (0--4.3 *μ*M) later. Three different sources of insulin (12585-014, Invitrogen, Carlsbad, CA, USA; I1882 and I6634, Sigma, St. Louis, MO, USA) were tested. Except in tests to compare different insulin products, all data shown in this study were obtained with the insulin product 12585-014 from Invitrogen. hNSCs were transduced with ca-Akt or dn-Akt (kindly gifted by Dr. Incheol Shin, Hanyang University, Seoul, Korea) where necessary as described below. The following chemicals were also used: LY294002 (20 *μ*M; Calbiochem, San Diego, CA, USA), Wortmannin (1 *μ*M; Calbiochem), and Rapamycin (100 nM; Sigma). The medium was changed every other day, whereas the mitogens were supplemented every day. Cells were maintained at 37°C in a 5% CO~2~ incubator.

Neuron cultures
---------------

Cultures enriched with human neurons were derived by terminal differentiation of H9 hES-NSCs for 10 days in ITS medium (insulin concentration, 0.22 *μ*M) and supplemented with brain-derived neurotrophic factor (BDNF; 20 ng/ml; R&D Systems), glial cell-derived neurotrophic factor (GDNF; 20 ng/ml; R&D Systems), and dibutyryl cAMP (0.5 mM; Sigma) and ascorbic acid (0.2 mM, Sigma). Neurons of mouse origin were primarily cultured from mouse (ICR) embryonic brains at E14. Cortical and VM tissues were dissected, minced, and then treated with trypsin/EDTA for 15 min at 37°C. After inactivation of trypsin by adding DMEM+10% FBS, the tissues were mechanically triturated. Dissociated cells were plated at 80 000 cells/cm^2^ on poly-[D]{.smallcaps}-lysine hydrobromide (PDL; Sigma)-coated 24-well plates and cultured for 10 days in Neurobasal (NB, Invitrogen) medium supplemented with [L]{.smallcaps}-Glutamine and B27 (Invitrogen).

Immunocytochemistry
-------------------

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), incubated in blocking solution (1% BSA/0.03% Triton X-100 in PBS), and then incubated with the following primary antibodies: Ki67 anti-mouse (1 : 100; Novocastra Laboratories Ltd, Newcastle, UK), nestin anti-rabbit (1 : 50; Dr. Ron McKay, NIH, Bethesda, MD, USA), GFAP anti-mouse (1 : 100; ICN Biochemicals, Costa Mesa, CA, USA), Tuj1 anti-rabbit (1 : 2000; Babco, Richmond, CA, USA), TH anti-mouse (1 : 1000; Immunostar, Hudson, WI, USA), serotonin anti-rabbit (1 : 4000; Sigma), cleaved caspase-3 anti-mouse (1 : 500; Cell Signaling Technology, Beverly, MA, USA), microtubule-associated protein 2 (MAP2; 1 : 200; Sigma), and pHH3 anti-rabbit (1 : 1000; Upstate Biotechnology, Lake Placid, NY, USA). The secondary antibodies tagged with the following fluorescent molecules were used for visualization: Alexa 488 (1 : 200, Invitrogen) and Cy3 (1 : 200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Annexin V and PI staining were carried out using the Annexin V-FLUOS staining kit (Roche, Indianapolis, IN, USA) according to the manufacturer\'s instructions. The stained samples were then mounted in Vectashield with DAPI mounting medium (Vector Laboratories, Burlingame, CA, USA) and photographed using an epifluorescence microscope (Leica, Wetzlar, Germany).

Cell viability and cytotoxicity assays
--------------------------------------

Cell viability was determined by the MTT assay as previously described.^[@bib59]^ Cytotoxicity was determined by LDH activity released from the damaged cells (Takara Bio, Shiga, Japan) according to the manufacturer\'s instructions. LDH results were expressed as a percentage of maximum LDH release obtained on complete lysis of cells with 1% Triton X-100 treatment. Media were taken as negative control (0%). Apoptotic cell death was assessed by the percent of cells positive for the apoptotic cell-specific markers cleaved Caspase-3 and Annexin V/PI after staining with the antibodies as described above.

Western blot
------------

Whole-cell protein was extracted from cells using lysis buffer, subjected to denaturing sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and then transferred to a nitrocellulose membrane. Transferred proteins were blocked in 5% nonfat milk in 0.001% Tween-20 with Tris-buffered saline. The blots were then incubated with the following primary antibodies: phospho-Akt (Ser473) anti-rabbit (1 : 1000; Cell Signaling Technology), Akt anti-rabbit (1 : 1000; Cell Signaling Technology), cleaved caspase-3 anti-rabbit (1 : 1000; Cell Signaling Technology), IRS anti-rabbit (1 : 1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), pmTOR anti-rabbit (1 : 1000; Cell Signaling Technology), mTOR anti-rabbit (1 : 1000; Cell Signaling Technology), and *β*-actin anti-mouse (1 : 5000; Abcam, Cambridge, UK). Anti-rabbit or anti-mouse IgG antibodies conjugated with peroxidase (1 : 2000; Cell Signaling Technology) were applied for visualization. Bands were visualized using an enhanced chemiluminescence (ECL) detection kit (Thermo Scientific, Rockford, IL, USA) and quantified using a densitometer (Molecular Devices, VersaMax, CA, USA) using ImageJ (v1.46r, National Institutes of Health, Bethesda, MA, USA).

Virus construction and transduction
-----------------------------------

Retroviral vectors expressing dn-Akt and ca-Akt were constructed by inserting their respective cDNAs into the pCL retroviral vector as previously described.^[@bib60]^ The empty pCL vector was used as a negative control. Retroviruses were produced by introducing the vectors into the 293gpg retrovirus packaging cell line via transfection using Lipofectamine (Invitrogen). After 3 days, supernatant fractions were harvested and stored at −70 °C until use. For viral transduction, cultured NSCs were incubated with the viral supernatant (3--5 × 10^6^ particles/ml) containing polybrene (hexadimethrine bromide: 1 *μ*g/ml; Sigma) for 2 h, and then followed by media change.

Microarray analysis
-------------------

Total RNA was extracted with TRIzol (Invitrogen) and purified using RNeasy columns (Qiagen) according to the manufacturer\'s instructions. RNA quality was assessed by using the Agilent Model 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Microarray analysis was carried out by Macrogen Inc. (Seoul, Korea). Briefly, biotinylated complementary RNAs were amplified and purified using the Ambion Illumina RNA amplification kit (Ambion, Austin, TX, USA) according to the manufacturer\'s instructions. Labeled cRNA samples were hybridized to each human HT-12 expression v.4 bead array according to the manufacturer\'s instructions (Illumina, SanDiego, CA, USA). Detection of array signal was carried out using Amersham fluoroLink streptavidin-Cy3 (GE Healthcare Bio-Sciences, Uppsala, Sweden). Arrays were scanned with an Illumina bead array Reader confocal scanner, and the raw data were extracted using the software provided by the manufacturer (Illumina GenomeStudio v2011.1 (Gene Expression Module v1.9.0)). Gene-Enrichment and Functional Annotation analysis for significant probe list was performed using DAVID (<http://david.abcc.ncifcrf.gov/home.jsp>). All data analyses and visualization of differentially expressed genes were conducted using R 2.15.1 ([www.r-project.org](http://www.r-project.org)).

Cell counting and statistical analysis
--------------------------------------

Immunoreactive/DAPI-stained cells on culture coverslips were counted in at least 20 randomly selected microscopic fields using an eyepiece grid at a final magnification of × 200 or × 400. Statistical comparisons were made with SPSS software (v17.00, SPSS Inc., Chicago, IL, USA). One-way ANOVA was applied where appropriate. Data are expressed as mean±S.E.M. of at least three independent experiments and the null hypothesis was rejected on the basis of *P*\<0.05.
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![Human NSC (hNSC) viability *versus* cell death in N2 and ITS media. hNSCs were derived from hESCs (H9). The majority of hNSCs colabeled with markers specific for NSC nestin and proliferating cells Ki67 (**a**) entered a neuronal cell fate upon differentiation induction, as indicated by the abundance of Tuj1+ neurons compared with the few GFAP+ glia in the terminally differentiated cultures (**b**). Dopaminergic (TH+, **c** and **d**) and serotonergic (serotonin+, **d**) neurons represented the majority of the neuronal population. (**e**--**k**) Apoptotic cell death of hNSCs occurred during differentiation in N2, but not in ITS. (**e** and **f**) Phase-contrast images of the hNSC cultures 5 days after differentiation in N2 and ITS media, respectively. Greater cell viability in ITS, compared with N2, were further confirmed by MTT assays on days 1, 3, 5, 7, and 14 of differentiation (**g**). Values are relative to the respective values on day 1. (**h**--**k**) Images for cells expressing the apoptotic cell-specific markers cleaved caspase-3 (**h** and **i**) and Annexin-V/propidium iodide (PI) (**j** and **k**) at day 5 of differentiation in N2 (**h** and **j**) and ITS (**i** and **k**). (**l**) Comparison of components in N2 (Johe *et al.*^[@bib23]^) and ITS (Okabe *et al.*^[@bib24]^). (**m--p**) Cell viability (MTT, **m** and **n**) and cytotoxicity (LDH, **o** and **p**) assays carried out on hNSCs differentiated in either ITS media supplemented with N2 levels of the listed components (**m** and **o**) or N2 media with ITS levels of the listed components (**n** and **p**). In order to examine culture components responsible for the different cell viability in N2 and ITS shown in (**e--g**), differentiating hNSCs in (**m** and **o**) were cultured in ITS medium supplemented with N2 concentrations (colored in blue) of insulin (Ins), transferrin (Tf), putrescine (Pt), or progesterone (Pg). hNSCs were also cultured in N2 medium with ITS concentrations of the indicated components (red colored, **n** and **p**). Values are relative to the ITS controls of each respective group. \*Significant difference from their respective ITS controls (*P*\<0.001, *n*=8 per group, ANOVA). Scale bars=30 *μ*m](cddis2013295f1){#fig1}

![Effect of insulin concentrations on cell viability of NSCs derived from different species. Human NSCs were isolated by *in vitro* differentiation of hESCs (H9). Rat and mouse NSCs were cultured from embryonic forebrain (cortex) tissues at embryonic days 13 and 12, respectively. The NSCs of the different species were proliferated up to 60--80% cell confluency and then induced to differentiate for 3 days in ITS (human) or N2 (rat, mouse). From 3 days after differentiation, the NSCs were exposed to different concentrations of insulin (0--4.3 *μ*M) for 5 days. On the last day of culture, cell viability and apoptotic cell death were assessed by MTT assays (**a**--**c**, *n*=8) and for the percentage of cells positive for the apoptotic cell markers cleaved caspase-3 and Annexin V (**d**--**f**). MTT values are relative to values of the none-insulin (0 *μ*M)-supplemented samples of each group. Shown in (**d**--**f**) are representative images and (**g--i**) show the counts (% cells out of total DAPI+ cells) of the apoptotic cell markers in the cultures supplemented with 0.22 and 4.3 *μ*M insulin. \*Significant difference from their respective 0.22 *μ*M insulin samples (*P*\<0.01, *n*=3 coverslips per group). Scale bars=30 *μ*m](cddis2013295f2){#fig2}

![Insulin concentration-dependent apoptotic cell death was observed in human neurons, but not in mouse neuronal cells. Human neuron-dominant cultures were obtained by 10 days of *in vitro* differentiation of H9 hESC-derived hNSCs. The human neurons were exposed to 0.22 or 4.3 *μ*M of insulin for 5 days (**a**--**d**). Culture conditions and exposure to insulin was replicated in the primary culture for mouse neurons derived from embryonic VM at E14, except for supplementation of B27 (**e**--**h**). B27, a commercial supplement necessary for primary rodent neuron culture, contains insulin but its concentration is not available to the public. To take into consideration this unknown insulin amount, (**e**--**h**) represent the mouse neuron survivals at the insulin concentrations of 0.22+X and 4.3+X *μ*M, where X denotes the insulin concentration in B27. \*Significant difference from their respective 0.22 *μ*M (or 0.22 *μ*M+X) insulin samples (*P*\<0.001, *n*=3 coverslips per group). Scale bars=30 *μ*m](cddis2013295f3){#fig3}

![Reduction of intracellular Akt signaling is responsible for hNSC death induced by long-term exposure to insulin at high concentration. (**a**) Human and rat NSCs exhibit different Akt signal activation patterns dependent on insulin dose and exposure time. H9 hESC-derived hNSCs at differentiation day 3 were starved with insulin overnight, and then exposed to low (0.22 *μ*M) and high (4.3 *μ*M) concentrations of insulin (day 0). Cultures were maintained in the same concentration of insulin for 4 days. Culture conditions and exposure to insulin was replicated with rat NSCs derived from embryonic cortices at E13. Media with freshly supplemented insulin were changed at days 0, 2, and 4. Cells were harvested 30 min after media change with the addition of freshly prepared insulin and immunoblot analyses were carried out. (**b**) A more drastic time-dependent reduction of pAkt levels in hNSC cultures treated with the higher concentration of insulin (4.3 *μ*M), compared with those with the low concentration (0.22 *μ*M). The gradual reduction of Akt signal activation in hNSC cultures during the time period of insulin exposure was further confirmed by multiple immunoblot analyses with quantification. Protein samples for immunoblot analyses were prepared 10, 30, and 120 min after media change at the indicated time points. (**c**) Immunoblot quantification for pAkt protein level changes in hNSCs treated with low (0.22 *μ*M) and high (4.3 *μ*M) concentrations of insulin. pAkt levels were quantified by measuring the band intensities of the immunoblots using a densitometer. The gray dots and lines in the graphs are arbitrary pAkt levels quantified at the indicated time points (*n*=4 of each), and the trend in changes of pAkt during the culture period are marked with red lines. (**d**) Activation of Akt signaling is critical for hNSC survival. hNSCs were differentiated with 0.22 and 4.3 *μ*M of insulin as described. Akt activated in cultures supplemented with 0.22 *μ*M insulin was blocked by treatment with the PI3K/Akt signal inhibitors LY294002 (LY, 20 *μ*M) and Wortmannin (Wot, 1 *μ*M) or by transducing with dn-Akt. Cell viability and apoptotic cell death were estimated by total viable cell counts under phase-contrast microscopy (**d** and **e**) and by the percentage of cells positive for cleaved caspase-3 (**f** and **g**). The effects of ca-Akt expression were also estimated in hNSC cultures maintained with 4.3 *μ*M of insulin (**h** and **i**). \*Significant difference from their respective controls (*P*\<0.005, *n*=3 coverslips per group). Scale bars=40 *μ*m](cddis2013295f4){#fig4}

![IRS-1 protein levels are decreased via mTOR signaling during insulin-supplemented hNSC culture. (**a**) Gradual reduction of IRS-1 protein levels over the culture period with insulin is prominent in hNSC cultures supplemented at the higher insulin concentration (left), but not in rat NSC cultures (right). hNSCs and rat NSCs were cultured in media supplemented with 0.22 and 4.3 *μ*M of insulin as described in [Figure 4](#fig4){ref-type="fig"}. Protein samples were prepared 30 min after media change (adding freshly prepared insulin) at the time point indicated, and immunoblot analyses for IRS-1 were carried out. (**b**) Effect of the mTOR inhibitor rapamycin on apoptotic cell death of hNSCs at high insulin concentration. hNSCs (derived from H9 hESCs) were cultured for 4 days in the presence of 0.22 and 4.3 *μ*M insulin, and 4.3 *μ*M insulin+rapamycin (Rapa or R, 100 nM). Immunofluorescent staining was carried out for cleaved caspase-3 and the percentage of immunoreactive cells out of total DAPI+ cells was counted. (**c**) Treatment of rapamycin blocks the decrease of IRS-1 protein levels in hNSCs cultured with high concentration of insulin. \*Significant difference from the high insulin sample (*P*\<0.001, *n*=3 coverslips per group). Scale bars=40 *μ*m](cddis2013295f5){#fig5}
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